Introduction
Substantial phenotypic and genotypic variance in calving difficulty exists and is important to profitability of beef producers. Selection for lower calving difficulty score or for lighter birth weight is expected to be successful in reducing the incidence of calving assistance. Correlated traits may also be useful as selection criteria for reducing the incidence of calving problems.
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creasing 200-d weight. Direct effects of the skeletal measurements, yearling hip height, and heifer pelvic area were positively correlated with direct effects of calving difficulty, birth weight, 200-d weight, and postweaning gain, positively correlated with maternal effects for birth weight and 200-d weight, and negatively correlated with maternal calving difficulty. Percentage of retail product was positively associated with calving difficulty and negatively associated with 168-d gain. Predicted genetic change in calving difficulty resulting from one standard deviation of selection for either calving difficulty score or birth weight was much larger than for any other traits. Selection for 200-d weight, 168-d postweaning gain, hip height, pelvic area, or scrotal circumference was predicted to have opposite effects on direct and maternal calving difficulty. Estimated genetic correlations indicate some small to moderate relationships between calving difficulty and the measured productive and reproductive traits. However, selection for reduced calving difficulty should be based on calving difficulty score and(or) birth weight because of their superiority in predicted genetic change. Direct (calf) and maternal (dam) genotypes both contribute to calving difficulty. Correlated selection criteria may be more closely related to either direct or maternal aspects of calving problems. Knowing correlated changes in other production traits is also valuable for predicting the net impact of selection. In a review of genetic correlation estimates for cattle traits, Koots et al. (1994b) noted many gaps in correlation estimates that would be useful for planning selection programs. These gaps include correlations among reproductive traits and between reproductive and other traits. Also, there are few estimates of correlations between direct effects of one trait and maternal effects of another.
The objectives of this research were to estimate heritabilities for gestation length, yearling hip height, yearling heifer pelvic area, heifer age at puberty, yearling scrotal circumference, and percentage of retail product yield. Genetic correlations between these traits and calving difficulty score, birth weight, adjusted 200-d weight, and 168-d postweaning gain were also estimated. These estimates were used to predict genetic change in calving difficulty score from a standard deviation of selection.
Materials and Methods
Animals. Animals and their pedigree information used in this study were identical to those reported by Gregory (1996, 2001 ). These animals were from an experiment comparing parental populations with initial and advanced generations of composites (Gregory et al., 1991a) at the U.S. Meat Animal Research Center. Details on formation, selection, and mating of these populations are available in the cited publications.
Data. Calving difficulty score, birth weight, 200-d adjusted weaning weights, and 168-d postweaning gain data collected on nine purebred and three composite populations born from 1978 to 1992 are the same as those found in Bennett and Gregory (2001) . Calving difficulty score for calves born to 2-yr-old heifers was based on subjective judgment of the degree of assistance and assigned an integer score from 1 to 7 (Bennett and Gregory, 2001) . Calving difficulty scores for calves born to older dams were set to missing values. Weaning and birth weights were used to determine adjusted 200-d weight. Adjusted 168-d postweaning gain was determined from weaning weight and the weight closest to 168 d postweaning.
Cows were artificially inseminated for 28 d and then were naturally mated. Gestation length was recorded for calves conceived by artificial insemination. Most heifers were naturally mated. Therefore, gestation length and 2-yr-old calving difficulty score were rarely recorded on the same calf. To maintain consistency, gestation lengths for calves born to 2-yr-old heifers were ignored in analyses.
Yearling hip height was measured 168 d after weaning on animals born from 1978 to 1991 (Gregory et al., 1992) . Pelvic height and width were measured on heifers born from 1983 to 1985 with one device (Krautman-Litton Pelvic Meter, Jorgensen Laboratories, Loveland, CO) and from 1986 to 1991 with another device (Rice Pelvimeter, Lane Mfg., Denver, CO). Pelvic area was calculated as the product of width and height.
Heifers were observed for behavioral estrus through the breeding season for those born from 1979 through 1990 as described by Gregory et al. (1991b) . Approximately 5% of heifers were not observed in estrus or pregnant and were given missing values for age at puberty. Males born from 1978 to 1991 were measured for scrotal circumference 168 d after weaning (Gregory et al., 1991b) .
Percentage of retail product was measured in steers born in 1988 through 1991 (Gregory et al., 1994 (Boldman et al., 1995) was used to estimate (co)variance components for each population. Each additional trait (gestation length, 368-d hip height, 368-d pelvic area, age of female puberty, 368-d scrotal circumference, and percentage of retail product) was simultaneously analyzed with 2-yr-old calving difficulty score, birth weight, adjusted 200-d weight, and 168-d postweaning gain (Table 1 ). This resulted in 72 analyses (12 populations × 6 additional traits).
Due to the recognized difficulty of solving a large number of random components with derivative-free REML (Groeneveld, 1994) , a set of (co)variances was assumed known based on previous analyses. Estimates of the unknown covariances were then conditional on the set of known covariances. The (co)variances among 2-yr-old calving difficulty score, birth weight, 200-d weight, and 168-d postweaning gain were predicted from Bennett and Gregory (2001) as described in the Appendix and assumed known. These four traits will subsequently be referred to as the set of base traits.
Predicted random effects for calving difficulty score were additive direct genetic, additive maternal genetic, and residual variances. Predicted random effects for birth weight and adjusted 200-d weight were additive direct genetic, additive maternal genetic, maternal common environment, and residual effects. Only predicted additive direct genetic and residual effects were used for 168-d postweaning gain. All possible covariances among direct and maternal genetic effects were used except three: direct calving difficulty score × maternal birth weight, direct calving difficulty score × maternal 200-d weight, and maternal calving difficulty score × maternal 200-d weight. The predicted covariance between maternal common environment effects for birth and 200-d weight was included.
Fixed effects for the base traits were the same as those used for (co)variance estimation (Bennett and Gregory, 2001) . Fixed effects for birth weight, adjusted 200-d weaning weight, and 168-d postweaning gain include year, sex, composite generation, and age of dam effects. A single fixed effect defined by sex, year, and generation (composites only) was fitted to 2-yr-old heifer calving difficulty score.
Variances and covariances for the remaining traits were estimated conditional on prior parameter estimates for the base traits. Because of the difficulty of simultaneously estimating many (co)variances, only those of interest or thought to be germane to the objectives were included. Variances estimated for gestation length were additive direct, additive maternal, and residual as well as the covariance between direct and maternal effects. The covariances of direct genetic gestation length with the direct genetic effect for each of the base traits were estimated. The maternal genetic covariances for gestation length with each of the three maternal genetic effects for the base traits were also estimated. All residual covariances of gestation length with the base traits were estimated except calving difficulty score. This covariance was not estimated because gestation length and 2-yr-old calving difficulty were not recorded for the same calves. Direct and residual variances were estimated for each of the remaining traits. Direct genetic effects of 368-d hip height, 368-d pelvic area, age of female puberty, and 368-d scrotal circumference were correlated with direct and maternal effects of the base traits. Direct effects for percentage of retail product were correlated only with direct effects of the base traits because there were a limited number of observations. All residual covariances were estimated. A single fixed effect was used for each of these traits combining year, generation (composites), sex (gestation length and hip height), and ration (percentage of retail product). Linear and quadratic covariates for age of dam (2, 3, 4, and 5+ yr) and a linear covariate for date of birth were included for all traits except gestation length. Days on feed was included as an additional covariate for percentage of retail product.
Mean (Co)variance Components.
A mean for each variance component was calculated by weighting the estimates from the 12 populations by the number of observations for the trait. Weighted means of covariances were also calculated using the number of observations for the traits in Table 1 and ignoring the number of observations for base traits. Standard errors of the weighted means were calculated to test for differences of (co)variances from zero.
Prediction of Responses. Predicted genetic response
to one standard deviation of selection for each trait was calculated. Direct, maternal genetic, and total genetic responses were calculated for each population. Weighted average responses and standard errors from the 12 populations were used to determine significant responses.
Results and Discussion
Numbers of observations for traits other than base traits are shown in Table 2 . Differences in numbers of observations among traits are due to number of years measured and the sex in which the measurement was made. These numbers compare with 5,986 2-yr-old calving difficulty scores (Bennett and Gregory, 2001), 22,775 birth weight, 20,691 200-d weight, and 18,788 postweaning gain records (Bennett and Gregory, 1996) . The 1,565 castrate males measured for retail product were sired by 307 sires, compared to 520 sires for 2-yrold calving difficulty and 880 sires for weights.
Estimates of (co)variances are shown in Tables 2  through 5 and heritabilities and correlations are shown  in Tables 6, 7 , and 8. Heritabilities for traits ranged from 0.27 to 0.71 and all estimates of direct and residual variances were significant (Table 2 ). In addition, estimated maternal genetic variance for gestation length was significant (2.12 ± 0.41 d 2 ), and the estimated direct-maternal covariance of −1.07 ± 0.49 d 2 approached significance (P = 0.06).
The estimated heritability of 0.71 for percentage lean exceeded average heritabilities for cutability and percentage lean reported by Koots et al. (1994a) . The estimated heritability of hip height was similar to average literature values, but estimated heritability of the other skeletal trait, pelvic area, was less than literature reports (Koots et al., 1994a) . Estimated heritability of scrotal circumference was similar to average values, but the estimated heritability of heifer age of puberty (0.27) was less than the average of 0.40 reported by Martin et al. (1992) . More recent estimates of 0.31, 0.42, and 0.47 have been reported by Morris et al. (2000) , Splan et al. (1998), and Vargas et al. (1998) , respectively. The estimated direct heritability of gestation length was high but within the range of literature estimates (e.g., 0.54 [Burfening et al., 1978] , 0.64 [Cundiff et al., 1986] , and 0.37 [Wray et al., 1987] ). Covariances of direct effects (Table 3 ) estimate the genetic relationship between traits measured on the same animal. For example, the genetic relationship between a calf's calving difficulty score and its pelvic area measured 12 mo later is estimated by the direct covariance. The direct genetic effect of longer gestation length was moderately and significantly correlated with 2-yrold calving difficulty and birth weight but the genetic correlation declined for 200-d weight and postweaning gain.
Covariances of direct effects for both 368-d hip height and 368-d pelvic area (females) with all three weight and gain traits were significant (Table 3) . Direct effects of birth weight and calving difficulty score were more highly correlated with direct effects of hip height (0.50 and 0.22) than pelvic area (0.34 and 0.11).
Direct genetic covariances of age at puberty in heifers with calving difficulty score (P = 0.07) and birth weight (P = 0.05) indicated that higher birth weight and calving difficulty score were related to later pubertal age. There was no indication of a direct genetic correlation between puberty age and either 200-d weight or 168-d postweaning gain. Conversely, positive covariances of direct effects for scrotal circumference with direct effects for 200-d weight and 168-d postweaning gain were significant and approached significance for birth weight (P = 0.09). Direct effects for percentage of retail product adjusted to a constant age and days on feed were associated with direct effects for increased calving difficulty score and decreased 168-d postweaning gain. Genetic correlations of maternal effects measure the relationship between two genetic effects of the dam on her calf. Estimated genetic covariances of maternal gestation length with maternal calving difficulty, birth weight, and 200-d weight were 0.13 ± 0.13 d, 0.99 ± 0.19 kgؒd, and 1.15 ± 0.86 kgؒd, respectively. The significant covariance between maternal gestation length and birth weight resulted in an estimated correlation of 0.41 (Table 6) .
Direct-maternal genetic covariances measure the relationship between direct genetic effects expressed in an animal's own phenotype and genetic effects of a dam expressed in its offspring's phenotype. For example, a heifer's direct genetic effect of pelvic area may have a maternal influence on the birth weight of her calf. Significant covariances were estimated for direct effects of both hip height and pelvic area with maternal effects for 2-yr-old calving difficulty score, birth weight, and 200-d weight. Moderate-sized correlations suggest that increased hip height or pelvic area reduce calving difficulty score and increase birth weight and 200-d weight. Direct effects of age at puberty in heifers were not significantly related to any of the estimated maternal effects. Increased direct effects of scrotal circumference were associated with decreased maternal effects for calving difficulty score and increased maternal effects for 200-d weight.
Residual covariances were significant for most combinations of traits (Table 5 ) except those with calving difficulty score. Residual effects for gestation length and birth weight were moderately correlated (Table 8) . Residual correlations of hip height with birth weight, 200-d weight, and 168-d gain were also moderately positive. Determination of the effectiveness of using different traits for selection is a complex problem. Factors affecting decisions about selection criteria include use for sire, dam, or individual selection, potential number of animals measured and the intensity of selection possible, relationships with other desirable traits, and age of measurement. Table 9 shows the predicted change in direct and maternal 2-yr-old calving difficulty score from one standard deviation of selection applied to individual animals. Predictions are reported two ways: ignoring correlated change in yearling weight and restricting change in yearling weight to zero. These predictions account only for genetic relationships and heritabilities and not for differences in age at measurement, number of animals measured, selection intensity, or other complicating factors.
Selection for birth weight or 2-yr-old calving difficulty score are predicted to have similar effects and result in large changes in calving difficulty score whether ignoring correlated change in yearling weight or restricting change in yearling weight to zero. Selection for lower calving difficulty was predicted to decrease both direct and maternal genetic components, regardless of yearling weight restriction. Predicted direct and maternal changes from birth weight selection were in the same direction when yearling weight was restricted.
Gestation length was the next most effective selection criterion for changing calving difficulty score but results in less than half the change predicted for birth weight or calving difficulty score. Some traits (200-d weight, 168-d gain, and percentage of retail product) were predicted to change calving difficulty, but only by decreasing performance in these important traits themselves. Of the two reproductive traits, lower age at puberty improved direct calving difficulty score whereas larger scrotal circumference increased direct calving difficulty and decreased maternal calving difficulty. Increased 368-d hip height and pelvic area both improve maternal calving difficulty score, but direct effects are improved only when change in yearling weight is restricted.
Predicted genetic changes suggest that the most accurate selection criteria for heifer calving difficulty are calving difficulty score and birth weight. Both are measured early in life and in males and females. Heifer calving difficulty score is only measured on a portion of animals each year, 2-yr-old heifers and their calves, reducing its usefulness somewhat. However, predicted response to selection for calving difficulty score shows more balance between direct and maternal response than selection for reduced birth weight. Both birth weight and calving difficulty score are correlated with weaning weight and postweaning gain but show substantial predicted change even when restricting change in yearling weight. There seems to be substantial opportunity for reducing calving difficulty in calves born to 2-yr-old heifers without reducing yearling weight. Genetic correlations of the reproductive, skeletal, and carcass traits investigated in this paper were all in the low to moderate range with limited potential for improving the accuracy of selection for decreased calving difficulty. Selection for these traits is expected to have little effect on calving difficulty score.
Implications
Relationships of heifer calving difficulty score, birth weight, 200-d weight, and postweaning gain with reproductive traits, skeletal measurements, and percentage of retail product show that selection criteria for improved calving ease should include heifer calving difficulty score (when available) and birth weight. Even when restricting correlated genetic change in yearling weight to zero, the predicted changes in heifer calving difficulty using these criteria were more than 2.5 times any other criteria considered. The estimated genetic correlations can be used to develop comprehensive selection programs for beef cattle.
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